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CATALY8TS FOR THE ELECTROCHEMICAL 
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Semi-Annual Status Report for 1 October 1976 to 31 March 1976 

Sponsor: NASA- Ames 

Grant No.: NCR 36-027-050 

I. PR r MARY OBJECTIVES 

1 . To find mu, more effective catalysts for the electrolytic 
evolution of oxygen and to understand the mechanism and 
kinetics for the elect rocRtuly sis in relation to the surface 
electronic and lattice properties of the catalyst, as well 
as developing an understanding of the structural features 
of the electrocatalysts which are critical to high electro- 
chemical activity for the anodic Generation of 0g. 

?. To evaluate the kinetics and mechanism. of anodic Generation 
of Og under well defined conditions in relation to the pro- 
perties of the electrode surface. 

II. SPECIFIC OBJECTIVES FOR THIS REPORTING PERIOD 

1 . Initial experiment with the LEED-Auger-thin-layer electro- 
chemical system on Pt (HI), Paper presented at. V ? Mny, 

1976 meeting of the .Electrochemical Society in ngton, 

D. C. 

2 ¥ Paper on Oxygen Electrocatalyots for Life Support Systems 
to be presented at the Sixth Annual Tntersociety Conference 
on Environmental Systems. 

III. SUMMARY OF THE WORK 

1. LEER- Auger Studies of electrode surfaces 

To establish the relationship between the el ectrocatulytic and 
corrosion processes occurring at the electrochemical interface and the 
atomic structure of the metal nufacc, « new level of experimentation 
is required. To date in single crystal studies there has been no 


assurance that the micro-structure of the surface is that correspond- 
ing to the macro-orientation of the sample or that the surface compo- 
sition reflects that of the bulk. Furthermore, the role of impurities 
on the metal electrode surface has not been clearly resolved. The 
difficulties which have recently become apparent in cleaning metal 
•utrfaces in gas phase studies have strong implications for electro- 
. '-chemists. 

The methods of electron physics, low energy electron diffraction 
(USED), Auger electron spectroscopy (AES) and x-ray photoelectron 
spectroscopy (XPS) are powerful tools for characterizing surfaces. 

With few exceptions (1,2), however, electrochemists have been reluct- 
ant to use non iii situ techniques to obtain such information because 
of the changes anticipated in transferring the electrode between the 
electrolyte and high vacuum environments. 

In order to minimize these changes and to utilize these powerful 
techniques of electron physics a system has been assembled which com- 
bines LEED and AES with thin-layer electrochemical methods and low 
temperature vacum sublimation and transfer techniques. The system 
consists of two separate ultra high vacuum chambers as shown in Fi- 
gure 1. One chamber contains the LEED-Auger electron spectrometer 
while the second chamber houses the electrochemical thin-layer cell 
and other sample preparation methods. The two chambers are completely 
isolated by an all metal bakeable valve which allows the sample to be 
transferred between the two chambers. 

The LEED-AES system is a standard Varian system utilizing retard- 
ing field analysis of the electron energies. The sample holder is a 
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modified Vaj ian manipulator which allows the sample to be removed for 
transfer to the second vacuum chamber while retaining the features of 
being able to heat the sample to 1200 K and cooled to 100 K. 

In the second chamber in a liquid nitrogen cooled manipulator 
which allows the sample to be removed for transfer and also positions 
the sample i' the thin layer cell. The transfer of the sample from 
the LEED-AES chamber to the electrochemical chamber is accomplished by 
a UHV transfer mechanism with a spring clip holder on the end for holding 
the sample during the transfer. 

Two primary experiments are underway with this system. The first 
involves cleaning and LEED-Auger characterization of the metal surface 
and then studying electrochemistry on this surface. The second involves 
returning the single crystal electrode to the LKED-Auger spectrometer 
after electrochemical treatment and characterization. In the first a 
single crystal of platinum has been oriented in the (ill) direction and 
cleaned to the limits of detection of AES (0.01? mono-layer). The main 
impurities found on the platinum were sulfur and carbon. The impurities 
are removed by argon ion sputtering with subsequent high temperature an- 
nealling. The Auger spectra of the contaminated and cleaned surface are 
shown in Figure 2. After the surface is annealed the standard hexagonal 
LEEI) pattern for Pt (ill) is obtained. 

The cleaned and annealed sample is then transferred to the second 
chamber under U11V. This chamber is back filled with purified argon and 
the sumple is pi in the thin-layer electrochemical cell. The poten- 

tial region between 0 and C.k V (HUE) in scanned and the behavior of the 
cyclic voltammogrum on the cleun Pt (ill) surface is shown in Figure 3. 


_ 3 

This voltainmogrum was tuken in 30 M HClO^. The shape of the curve is 
not that, normally found for IICIO^ (3). It appears to be contaminated with 
chloride ion. Also, the combi nM reference-counter electrode may be 
s> tfting in potential causing the positions of the peaks to be displaced. 
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APPLNDIX 


OXYGEN hi 1C IROCAi Al YSTS fOR LIFE SUPPORT SYSTEMS 

by 

W. E. O' Grady, C. Iwakura*nnd E. Yeager 


1 He* Electrochemistry Laboratory 
Chemistry Department 
Case Western Reserve University 
Clev< land, Ohio 44106 


Abstract 

The irreversibility of the oxygen electrode 
increases by 30 to 60% the energy required for water 
electrolysis over the thermodynamic value in life 
support systems involving conventional water electrol - "is 
cells. To minimize this voltage loss, high area 
electrocatal ysts such as platinum metal arc often 
used for the O 2 anode but even so, the losses ore 
f* ’1 very substantial . In an attempt to find more 
i'etive electrocata 1 ysts for this application, 
a number of defect metal oxides hove been examined. 

1. INTRODUCTORY UACKGROUND 

In water electrolyzers, ohmic Josses and electrode polar- 
ization result in substantial loss of efficiency in the use of 
electrical energy to produce O 2 anti H^. Even in modern waLer 
electrolyzers operating below 200°C, the cell terminal voltages 

o 

at reasonable current densities ( > 1 OOmA/cnr ) usually exceed the 
reversible (thermodynamic) values''* by 23 to 507,. io achieve 


^Present address: Department of Applied Chemistry, faculty of 

Engineering, Osaka University, Suita, Osaka, Japan. 

‘‘The reversible cell voltage for water electrolysis depends on 
the electrolyte, pressure and temperature . for cells for which 
the molefraction of watt r is >0.8 and the 0^ and 11^ pressure;; 
arc each 1 atm, tin revet Lbh oltaj is 1,23V at 25 # C and 
1.17V at 100°C. For a pressurized el ctrolyzer with 5< 

(by weight) KOI I and Oy and 1 1 y pressures 01 15 atm, the 
rtv. ri i Die vol tag< is 1.03V at 264°C ('/). 
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acceptable operating efficiencies, it is necessary to restrict 
the r.urrer.t densities to relatively low values with corresponding 
increments in the weight, volume and cost of the electrolyzer. 

Some voltage losses, however, are usually desirable 
within water electrolyzers. The entropy change LS for the 
production of and 0^ from water is negative and hence the 
electrolyses of water under reversible conditions is endothermic. 
The ohmic and electrode pclarization losses can provide this 
TAS heat as well as the additional heat to offset heat 
losses to the surroundings with cells operating above ambient 
temperatures. 

For a water electrolysis cell operating at a cell terminal 
voltage of E, the heat generated within the cell per mole of 0.^ 
produced is 

Q - 4F(E - E rcv ) + TAS - 4FE + AH (1) 

w. ere F is die Faraday, E rev iJ the reversible cell potential 
and AH and AS aa' the enthalpy and entropy changes for the 
reaction 

H 2 0(C) ► 2H 2 + 0 2 (2) 

Tiie t’ficrmoneutral potential is defined as the value 

of E in equation 1 such that Q = 0. Therefore, 

E TN - -AH/(4F) (3) 

The heat loss from the cell can be reduced to a value low 
compared loAil» and therefore, the thermoneutra 1 potential 
represents a reasonable target voltage in reducing various 

reproduce r ~ ? 
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types of voltage losses. For water electrolyses cells with 
pure liquid water at 2 5°C fed into the cells and IU and O 2 
exiting at this same temperature after passing through suitable 
».eat exchangers, the thermoneutral potential is 1.48V; for 
100°C, the value is 1.45V. 

While several of the advanced electrolyzers represented 
in Figure 1 have cell voltages close to the thermoneutral potential 
at low current densities, all exceed this value by appreciable 
amounts at the higher currenL densities which are attractive 
in most instances for compact electrolyzers. Thus, even con- 
sidering the thermoneutral potential, it is attractive to find 
ways for further reducing voltage losses at high current densities. 
II. PRESENT STATUS OF 0 2 ELECTROCATALYSTS FOR WATER ELECTROLYZERS 

In most water electrolyzers, polarization at the O 2 anode 
is the largest source of voltage loss. This polarization arises 
because of the irreversibility of the electrochemical reactions 
involved in the formation of 0 2 from oxygen of water. Three 
approaches are available for reducing the electrode polarization 
at hi;;h current densities: 1) electrode surfaces with high 

intrinsic electrocatalytic activity for the O 2 generation 
reaction; 2) ultra high area electrocatalysts; and 3) operation 
at elevated temperatures. All three approaches have been 
applied. Nickel has been most extensively used as the 0 2 anode 
surface in water electrolyzers using concentrated NaOH or ROM 
as the electrolyte. Under operating conditions a high area 
oxide film forms on Lhe anode. The overpotential s at reasonable 
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current densities } , however, are still high (e.g., 0.4V at 

100 mA/ctn^ at 80°C (2)) unless the cells are operated at 

temperatures above 175°C. This requires pressurization and 

furthermore can lead to electrode stability problems. 

I 

For life support systems for space, high area platinum 
is presently used for the anode electrocatalyst. This surface 
has relatively high overpotential at moderate current densities 
even at normal temperatures (0.3V at 100 mA/cm^ at 22°C - See 
Figure 2) but the overpotential is still higher than desired 
and platinum cost can be a problem for some water electrolyzer 
applications. 

111. CRITERIA FOR 0 2 CATALYSTS FOR WATER ELECTROLYZERS 

The present research represents an effort to find O 2 anode 
catalysts superior to high area Pt. In evaluating catalysts 
four criteria must be considered: 

1. Electrocatalytic Activity 

Over a significant range of current densities most electrode 
processes, including the oxygen electrode follow the Tafel 
equatior; i.e. 

3 E - E rev - B(log i - log i Q ) (4) 

where ^ is the overpotential, i is the apparent current density 
and li is a temperature dependent constant. The exchange current 
density, is usually used as a criteria of catalyst activity. 

^Al 1 current, densities are per unit apparent area unless other- 
wise indicated. 

*4 
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Since i is many orders of magnitude greater than i Q for ail 
presently known O 2 electrocatalysts, it is also important that 
the slope constant B be as low as possible. For the high area 
Pt electrode represented in Figure 2, i Q is x 10” J A/ctn^ 
while the Tafel slope B is ^ 0. 1 OV/decade . 

2. Electronic Conductivity 

It is necessary that the catalyst phase have reasonable 
electronic conductiv ! ty . With Pt electrodes, the catalyst 
phase is an oxide layer of several monolayers formed in situ . 
Present indications (3) are that electron transfer through this 
film occurs by tunnelling and is sufficiently slow to contribute 
substantially to the oxygen overpotential. With catalyst 
layers or particles of the order of 10”^cm, the resistivity 
must be less than 10 ohm-cm. 

3. Stability 

This requires that the catalyst have very low solubility 
in the electrolyte, not undergo undesirable changes in valency 
state and not be very susceptible to trace poisons. High area 
catalysts are usually involved and these must not undergo 
sintering or Oswald ripening under the cell operating conditions. 

4. Catalyst Cost 

For most life support applications, the catalyst cost is 
likely to be a secondary consideration provided the catalyst 
cost does noL exceed some reasonable value such as $1.00 per 
watt of power consumed. Even heavily loaded Pt electrodes 
are still well below this figure at reasonable current densities. 


The* situatlc r 


is u i ( u i f £ t rent for commercial water electro- 
lyse. , ioj vvhich catalyst co ts in excess of $0.05 per watt 
are probably pr dbltive. 

I ht pre i Tit knowledge ol anodic elect rocatalysds does 
not provide a Lrong ba: is for deciding which catalyst systems 
are best candidates for screening. Despite extensive studies 
of 0^ generation mostly on Pt, the reaction mechanism is still 
not well established. The 0 ^ anode is sufficiently irreversible 
that the back reaction is negligible even at low current densities. 
This has made it difficult to establish the mechanism for O 2 
generation since only steps up to the rate-controlling one 
(usually the first electron transfer) can be examined. Measure- 
ments near the reversible potentials are impractical because of 
competing reactions intrinsic to the electrode surface and 
impurity currents. The extensive kinetic studies of 0^ re- 
duction have not proved very helpful in understanding the anodic 
process because the reduction occurs at appreciable rates only 
at potentials very cathodic (by at least: 0.5V) to those for 0^ 
generation. The surface conditions prevailing at these potentials 
are not the same, and, therefore, the kinetics and even the 
pathways can be expected to be diffen nt for the anodic and 
cathodic processes. To compl Lcate the situation further, a 
large number of pathways are possible for O 2 generation and re- 
duction. 

IV. 0 2 ELECTK0CATALYS1S ON DEFECT METAL OXIDES 

Transition metal oxides head the list of promising oxygen 
anode catalysts since the transition metal ions are expected to 
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interact with various intermediates in the O 2 anodic reaction 
and many have good electronic conductivity and good stability 
particularly in alkaline electrolytes. Rather than forming 
these oxides anodically in situ on the metal electrodes, the 
oxides have been formed ex situ in the present study by thermal 
decomposition of transition metal salts or a suitable substrate 
such as titanium. Oxides so formed have a highly defective 
structure and high internal pore surface area. Se-'eral such 
oxides have been found to be attractive. 

Potential current curves are shown in Figure 3 for several 
transition metal oxides on a Ti support electrode. The curves 

f o 

at lower current densities (<10“ J A/cm ) are strongly influenced 
by intrinsic changes in valency state of the oxide even though 
the data were acquired with decreasing current with three minutes 
at each data point. Since the current densities are apparent 
values, area differences may have influenced the relative 
positions of the curves. 

Kinetic studies of O 2 generation have usually indicated 
the first electron transfer step to be rate controlling. If 
the stability of an adsorbed intermediate (e.g., the OH radical) 
formed in this step can be increased, then the rate control 
may shift to a later step such as the second electron transfer. c 
With O 2 generation on Pt, the situation appears to correspond 


C A specific mechanism is proposed later in the discussion 
of the results for RuO x . 
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to Curve 1 in Figure 4. With defect oxides such as ruthenium 
and iridium oxides, the situation appears to correspond to 
Curve II. The principal evidence for such is the Tafel slope 
of 0.04 to 0.05V/decade exhibited by these oxides in alkaline 
solutions, as compared with 0.1 to 0.24V/decade found with Pt. 

The behavior of the corresponding pure metals as 0^ anodes 
is distinctly different from that of the defect metal oxides 
in Figure 3 even though the metals are oxide coated at the 
potentials where 0^ generation occurs. Ruthenium metal is not 
stable as an O 2 anode in 4 N ROM; active dissolution begins 
at ~1.3V vs. RHE. 

V. RUTHENIUM OXIDE AS AN 0 2 ANODE CATALYST 

Of special interest is ruthenium oxide, produced by the 
thermal decomposition of ruthenium salts on a titanium support. 
This catalyst combines high electronic conductivity with low 
oxygen overpotenLial at high current densities even at room 
temperature (4). Further it has good stability in high area 
form in caustic solutions. The exchange current density is 
comparable to that of platinum but the Tafel slope is consider- 
ably lower (0.04 V per decade of current density) than with 
platinum (Figure 2), resulting in lower overpotentials at 
practical current densities. 

A. Experimental 

Oxygen generation on defective Ru0 x has been studied in 
some detail (4). The preparation of this oxide involves the 
thermal decomposition of RuClj on an appropriate metal substrate 
in a manner similar to that described in the patent literature (5) 

reproducip.tt tty or tug 
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lor 'he- dimensional ly stable anodes (DSA) used in the chlor- 
alka l i industry. Titanium metal was used for the substrate 
(99.957, Ti supplied by Research Organic- Inorganic ) . After 
polishing the Ti with emery and thorough cleaning, including 
degreasing by refluxing in isoproponal vapor, the surface was 
coated with a solution of reagent grade RuCl ^ (Fisher) in 
207, HC1. 

In order to vary the catalyst loading on the electrode 

surface while maintaining an essentially constant preparative 

procedure, varying amounts of the original solution (0. IM Ru) 

were diluted to the same volume and this solution then appl iuJ 

to the substrate in six repetitive coatings oj alternatively the 

number of coatings varied. After each coating, the solution 

was dried at a moderate temperature (110°C in a drying oven for 

5 min. ) and then placed in a preheated furnace at 350*0 for 10 

min. After the final coating, the temperature of the furnace 

was raised to 450°C for 1 hour. The catalyst loadings examined 

in the present work ranged from 10"^ to 10“ J moles of Ru per 

cm . Other substrate materials have also been examined; namely 

gold, tantalum, platinum anil nickel. The substrate his no 

direct effect on the elecLrocatalytic activity, expressed per 

unit true area of the RuO x for catalyst loadings of 10"^ to 
5 2 

10 moles of Ru0 x per cm of geometric area. Titanium is 
pre ferred to Au , Ta, PL or Ni as a substrate because the RuO x 
forms a more uniform and adherent layer on Ti. 

The majority of the measurements have been carried out 
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with 4M KOll prepared from reagent grade KOI! (baker, C.2% 
carbonate) and triply distilled water (second stage from alkaline 
permanganate). For the pH dependence studies, different ratios 
of 1M KOH and 0. 5M K 2 SO 4 were used. For the rotating disk 
experiments, the solutions were pre-el ectrol yzed In a separate 
Teflon cell between bright nickel electrodes (7 cur each) at 
a current density of 1 ma/cm^ for a minimum of 24 hr with 
ag tation obtained using purified helium gas ( 6 ). 

O 2 reduction as well as generation were studied on the 
RuO x /Ti electrodes using the rotating disk electrode technique. 
The rotating disk experiments were carried out in an all Teflon 
cell (7) consisting of a main compartment containing the working 
electrode and two separate compartments for the reference and 
counter electrodes, both of which were Fd-il in the form of Pd 
diaphragms supplied with from the back side. The reference 
compartment was connected to the main working electrode compart- 
ment by a Teflon Luggin capillary positioned at 4 mm from the 
rotating disk electrode surface on the axis of rotation. The 
electrolyte in the main compartment was usually saturated with 
purified O 2 gas (i»). 

A Wenking potentiostat , a linear sweep generator and 
HousLon x-y recorder were used to carry out the electrochemical 
measurements. The essentially steady state polarization data 
were obtained with very slow voltage sweeps (1 mV/sec) and in 
some instances also with point by point measurements (e.g., 

3 min per point) as a check. The 1R drop corrections, needed at 
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higher current densities, were determined using the current 
interrupter technique with a high pressure hydrogen, mercury- 
wetteJ relay to interrupt the current. 

B. He ;ults 

1. Electrochemical area 

The Zn 2+ ion adsorption technique, developed by Kozawa (d) 
has been used to obtain an estimate of the ratio of true-to- 
apparent area for the RuO x on Ti electrodes. This method is 
preferred to the usual BET measurements since pores that may 
not necessarily be electrochemical ly accessible may contribute 
to the BET areas. 

The Zn2+ adsorption method is based on the concept that 
the Zn 2+ will ion exchange with H + bound to surface O', re- 
leasing H + into the solution. The assumption is made that the 

surface coverage with Zn* is near or at saturation and that 

2 + 

the area per Zri has a specific value. Kozawa has demonstrated 
the validity of the method for battery oxides such as Mn 02 
with the Zn adsorption measured by the decrease in Zn con- 
centration in a ZnC^-NH^Cl solution and the area taken to be 
17 A* per adsorbed Zn* . 

In the present study, the Zn^ + ion adsorption was measured 
on the KuO x coated flat titanium electrodes by placing them in a 
0.5M NH^Cl solution containing 0.005M Zn 4 ^ at a pH of 7.25. 
Overnight was allowed for equilibrium and an alloquote of the 
solution then titrated with EDTA using Erichrome Black T as the 
indicator. 
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Using an area of 20 A//.n z , this method yields a rat * > of 
true- to-apparent surface area of typically 60 - 80 for a c^ralyst 

E 2 

loading of 1 x 10’ J moles Ru/cm of geometric area. Studies of 

the adsorption isotherms for Zn on dispersed Ru0 x (without 

2 + 

potential control) indicate that the Zn adsorption is not at 
saturation under the above conditions (9). Therefore, the 
true- to-apparent surface area ratio measured by the Zn 2+ adsorption 
method can only be viewed as lower limiting values. 

Using krypton BET, Kuhn and Mortimer (10) found a ratio of 
240 for their Ru0 x on Ti electrodes. While the technique used 
to prepare their electrodes is similar to that in the present 
work, their catalyst loading is not specified. Since more 
concentrated Ru solutions (0.4M) were used by Kuhn and Mortimer 
for coating their electrodes, the thickness of the Ru0 x coatings 
on their electrodes may well have been several fold greater. 

2. Voltammetry curves for kuO x 

Typical slow sweep voltammetry curves are shown in Figure 5 
in ^-saturated alkaline and acid solutions. Some minor features 
of the curves in the voltage range 0.6 - 1 . 0V are associated 
with the cou P^ e * fhe P e °k at~1.3V in the alkaline 

solution is only slightly irreversible at the sweep rate of 50 
mV/sec. At slower sweep rates (e.g., 10 mV/sec) this peak is 
essentially reversible with the anodic and cathodic peak potentials 
coinc 1 d i ng . 

This peak, however, has not been observed for RuO on 

A 

nickel or platinum or for the uncoated titanium. Thus the peak 


. 
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appears to involve the interaction of the KuO x with the Ti 
substrate or TiOy. This peak is much suppressed or almost 
absent for mixed oxide layers of Hu + Ti as well os Ru + Ir 
and Ru + Pt, produced by thermal decomposition on a Ti substrate. 

On the basis of the voltammetry curves, the KuO x can be 
reduced and reoxidized over a substantial range of potentials 
in both acid and alkaline solution. The oxidation and reduction 
products appear to involve a single phase in view of having the 
voltammetry current density high over the wide potential range 
of the sweep rather than having the charge associated with a 
single voltammetry peak, even at very low sweep rates. The 
total charge associated with the area under the voltammetry 
curves in the cathodic or anodic sweeps between 0.1 and 1.4V 
is approximately 0.1 C/cm^ of apparent area for the electrodes 
with 1 x 10 moles Ru/cm' , or approximately one- tenth of that 
required to change the valency state by one electron per Ru 
atom in the oxide coating. 

Kozawa (11) has reported that porous bulk hydrated RuO^ 
can be reduced rather reversibly over an extended voltage range 
when mixed with carbon in both alkaline and acid solutions. The 
initial open-circuit voltage observed by Kozawa starting with 
near stoichiometric Ru02 was +0.5V and +0.8V vs. RUE for the 
anhydrous and hydrated materials, respectively. Even consider- 
ing the question of the reversibility of these potential measure- 
ments, it appears likely Lhat the 0^ evolution reaction on 
RuO x on Ti occurs in a potential range where at least the sur- 
face Ru ions of the catalyst are in a higher valency state than 
+4. 
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A Ian ' c.'ith >dlc p* af w.es observed in the voltanroetry curves 
tor .hi RuO x on 1 i electrodes in N 2 saturated KOH solutions in 
the potential range 0.6 to 0.9V when the anodic limit of the 
sweep was extended beyond 1.4V (see Figure 6). Saturation of 
the solution with 0^ rather than Increased this peak. The 
potential range corresponds to that expected for 0^ reduction 
to HO 2 . Tht assignment of this peak to the reduction of 0 ^ to 
peroxide was confirmed by adding the II^O^ to the solution and 
observing complementary cathodic and anodic peaks (see Figure 7). 
Thus in alkaline solutions, O 2 reduction on RuO x /Ti electrodes 
involves solution phase H(f> as an intermediate. 

3. ESCA and x-ray diffraction measurements 

An effort has been made to examine the relationship of 
catalytic activity to the crystal structure, surface structure 
and sample preparation temperatures. X-ray diffraction studies 
of this material indicate a rutile-type of structure similar to 
that of single crystal Ruf^. The x-ray results also indicate 
that the catalytically active material which is prepared at 
450°C is not a well crystallized sample. The x-ray lines are 
displaced from those of RuO^ as well as being much broader. As 
the temperature of the sample preparation is increased to 65()°C 
the lines become narrower and shilt towards those of wei I 
crystallized Kuf^ indicating either an increased ordering in the 
crystals or a growLh in crystallite size. A further interesting 
result from the x-ray data for samples prepared at G. r >0°C is a 
decrease in the intensity of the lines due to the titanium 


metal substrate with a simultaneous increase In the Intensity 
of the lines due to Ti C> 2 • 

ESCA has been used to determine the composition of the 
catalyst surface. The surface of the catalyst was found to 
contain ruthenium in the four valent state and oxygen in the 
form of bound water, hydroxyl and O^". Some residual chloride 
was also found. In the samples prepared at low temperatures 
(o.g., 450°C) there appear to be two forms of chloride while at 
the higher temperature only one form. 

As the above changes occur, the catalytic uctivity falls 
off. Several exp 1 /mat Ions arc possible including: 1) the 
catalytic activity may be critically dependent on surface de- 
fects and the concentrtition of such surface defects is greatly 
reduced upon recrystallizatlon; 2) the growth of large crystals 
results in a large loss in surface area; and 3) the growth of a 
non-conducting TiC^ layer between tht metal substrate and the 
RuO x layer may lead to ohmic losses and an apparent loss of 
catalytic activity. 

4. Pola-ization measurements 

Figure & indicates the log current density vs potential 
data obtained potentiostatically for a RuO /Ti electrode with a 
very slow sweep (I mV/sec) in O 2 saturated 4M KOI! at a rotation 
rate of 8800 rpm. The hysteresis evident in this type of plot 
is very pronounced at low current densities because of the 
small currents associated with intrinsic changes in the oxidation 
state of tht catalyst even at such slow sweep rates. 
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The anodic branch for 0^ generation is free of hysteresis 

effects above 5 x 10" J A/cm 4, (apparent area) and exhibits a 

Tafel slope of 0. 040V/decade over 3 decades after IK drop 

correction. Measurements in KOH-I^SO^ solutions of varying pH 

with constant K + ion concentration indicate a “eaction order of 

1.0 with respect to OH" for the O 2 generation reaction over the 

pH range 11 to 14 (see Figure 9). With the electrode stationary 

and control of the boundary layer by O 2 bubble evolution, an 

anodic limiting current density has been observed in the KOH-l^SO^ 

electrolytes, which is directly proportional to the OH" ion 

2 

concentration from pH 10 to 14, amounting to ~0.02 A/cm 
(apparent area) at pH 11.8. Above the limiting current density, 
the discharge is from water with a Tafel slope of ~ 0. 13V/decade , 
indica* ing a change in mechanism. 

Unfortunately the stoichiometric number cannot be obtained 
for the O 2 generation reaction in the alkaline solutions because 
of the interference from the intrinsic electrochemistry of the 
Ru0 x /Ti electrode surface at low current densities near the 
reversible potential for the 4-electron reaction. 

The Tafel slopes rre independent of the catalyst loading 
over the ranges 10" to 10“ J moles Ru/cm^ and the apparent 
exchange currenL densities are approximately proportional to 
the catalyst loading over this range (see Figure 10). Such a 
proportion is to be expected since the true- to-apparent area 
ratio is also approximately proportional to the catalyst loading. 

The current density passes through zero in the anodic swei p 
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. ! ry rb tint) illy cnthodical ly during the cathodic 

wc i p .it pi j ..i t» ly O.'KiV is a consequence of the O 2 * II0 2 
reaction. The dependence of the 0 2 reduction current density 
on rotation rite (f) at constant potential indicates that the 
0^ reduction Is under combined diffusion and kinetic control 
(see Figure II). 

The rotating disk data can be explained (4) on the basis of 


the following two reduction processes: 


Reaction 

_1: 

0 2 + n 2 0 + 2e" 

k] ^ 

HO" + 

no" 

(5) 

Reaction 

2: 

H0 2 + H 2 0 + 2e“ 

*2. 

3110- 


(6) 

The 

possibility can not be 

ruled 

out 

that - some 

of the 0 2 

may also 

be 

reduced by a direct 

4 el • otron 

reduction 

process : 

D r \ 9 . ^ f ■ # % f-i 


n -i. ou n ± /, n 

- k -L 

ti m** 


(7) 

rvi fiC L ion 

J • 

U ^ t 4C 


Jl Hi 



proceeding in parallel with reactions 1. and 2. Further measure- 
ments with the rotating ring-disk technique are needed to check 
this poinL. 

V. DISCUSSION OF 0 2 REDUCTION AND GENERATION KINETICS ON RuO x /Ti 
Since Lho cathodic and anodic: branches for the oxygen 
electrochemistry on RuO x /Ti in alkaline solutions are distinctly 
different, the results for each will he discussed separately. 

A. Catholic Branch 

The parallel and series reaction schemes represented by 
equations 5-7 can be considered as part of the overall scheme 
shown in Figure 12 for alkaline solutions. Ihc difference 
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Lctwoen the series and parallel mechanisms then is just a 
matter of the revers bility of the adsorption-desorption of 
HC >2 (step C). If this step is very irreversible, then the 
parallel scheme is the more appropriate representation. 

The 4e” overall reduction of may also proceed by a 
parallel reaction which does not involve a peroxide species on 
the surface. In view of the strength of the 0-0 interaction in 
O 2 , this seems rather unlikely. 

The assumption has been made in Figure 12 that the 0 7 
must be first adsorbed on the electrode prior to the first 
electron step but the adsorption may be electrochemical; i.e., 
simultaneous adsorption-electron transfer: 


O 2 + e" — O^Cads) 

(8) 

0 2 + HOH + e" — » HO 2 (ads ) + HO" 

(9) 


A separate O 2 adsorption step, preceding the first electron 
transfer step, however, provides a convenient potential insensi- 
tive step to explain the small dependence of the intercept 1/i 
on potential in Figure 11. The possible reduction of 0 ^ and 
HO 2 without adsorption at a position equivalent to the outer 
Helmholtz plane has not been included in Figure 12 on the basis 
that strong interaction is required with the electrode surface 
for L' e electron transfers to proceed at a reasonable rate. 

13. Anodic Branch 

Several of the reaction paths for 0 ^ generation taburated 
by Damjanovic (12) for acid solutions can have Tafel slopes 
corresponding Lo dV/d In i = 2RT/3F or 0. 040V/decade when 
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modified t* f it uitabli for alkaline solutions. All have 
ihc on ii'it < : hat the rate controlling step is n second 

electron rather than first electron transfer. With judicious 
choice of H 2 O vs. OH" as the reactant in the first and second 
electron transfer steps or proceeding proton transfer steps, it 
is possibli to have the kinet ics also first order in OH”. 

With electrode surfaces involving species with ionic 
character, the authors prefer to write the mechanism in such a 
way as to indicate the possibility of changes in the effective 
valency state of the catalyst sites. A simple mechanism com- 
patible with the observed Tafel slope and reaction order is as 
foil ows : 

Step a: S y t OH” (SPH) Z + e" (fast) (10) 

k- a 

k 

Step b : (SOH ) z — b -** (S01l) z+I + e“ (slow) (11) 


followed by subsequent processes yeilding finally 0^ and re 

■Ln 

generating the site S ; for example, 

. z+ 1 /Ml" r* /> 1 1 /\n* r • 

+ 


Step c ; (S0I1)‘ 


(SOH) 


vA 1 


OH 

Oil' 


S — 0-H--01I 
1 

S— 0-H--0II 


S 0 HOI I 

.. + I + 

s y 0 1101 ! ( 12 ) 


The sites are probably Ru 4 1 but also could be higher valency 

state Ru ions or li ions. There sites are undoubtedly hydrated 

although the waters of hydration are not shown in the mechanism. 

With the Step b rate controlling, negligible back reactions and 

the coverage of (S0!l) z and (SOU) 24 * low, the current density is 

( 1 t Ay )FE 

nil” * exp 

k_„ 011 RT 


41- * 


(13) 
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where E is the electrode potential against an arbitrary pH 
insensitive reference electrode; k a , k_ a , and k^ are the rate 
constants for Steps a and b at E “ 0; and ihe transfer 
coefficient for Step b. For the usual value oi (Z ^ « 1/2, the 
Tafel slope then is (2RT/3F) (2.30) or 0. OAOV/decude with i 
first order in If Step b is followed by the reaction 

indicated by Step c, then the stoichiometric number should be 
2. Unfortunately the stoichiometric number is not known experi- 
mentally. 

In Step a, the site S is a Ru ion of the oxide lattice. 

Step a involves the oxidation of the Ru to a higher valency 
state with partial transfer of electron charge from the OH 
species to Ru forming a (RuOH) z complex. Such a process should 
require much less energy than the formation of an OH free 
radical or a rather weakly adsorbed Oil radical. Step b involves 
the further oxidati on to (RuOH) z+ ^, possibly fol Lowed by the 
formation of (RuO) before proceeding with Step c. The RuO x /Ti 
electrode surface may have some of the same features as the 
Ru(N!I^)^0Ru-(NI!-j)^0Ru(NHj)^ ion, reported by Earley and Razavi 
(13, 14) to oxidize Oil” homogeneously to form 0-,. These species 
have the structure Ru-0-Ru-()-Ru^ + . Earley and Razavi have 
pointed out that Ru has a tendency to form species of coordina- 
Lion number 7 and that there are low lying anti bonding'll 
orbitals which can accept electron charge from OH . Thus 
the (RuOIl) / intt rmediate (other species in the inner coordina- 
tion sphere not shown) seems reasonable. 
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7 Effect of hydrogen peroxide on the cyclic voltammo- 
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(N’ 2 saturated). Sweep rate: 50mV/sec; temp. : ^ 22°C. 

8 Current-potential data for RuO x on Ti. Data 
obtained with sweep rate of 2mV/sec with rotating 
disk technique. Electrolyte: 4M KOII (0^ saturated); 
catalyst loading; *~1 x 10 M Ru/ctn (apparent 
area); rotation rate: 8800 rpm; temp. : a, 22°C. 

Solid curve: anodic current; dashed curve: cathodic 
current. 

9 pH dependence of current density at 0.65V vs 
SHE. in K0H - K 2 SO^ solutions with K + - 1 M; 
temp. : ~22°C. Stationary electrode. 

10 Exchange current densities for 0 2 generation on 
catalyst loading for KuO^/Ti electrodes; temp.: 
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11 Dependence of current density on roLation rate 

for 0 2 reduction on the Ru0 x /Ti electrode. Electro- 
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12 Simplified representation of series and parallel 
mechanism involving peroxide. 
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